Biochemistry2000, 39, 9099-9107 9099

Structural Analysis of a Chimeric BacteriatAmylase. High-Resolution Analysis
of Native and Ligand Complexé$

Andrzej M. Brzozowské David M. Lawsong!' Johan P. TurkenburgHenrik Bisgaard-FrantzehAllan Svendsen,
Torben V. Borchert] Zbigniew Dautef* Keith S. Wilson§ and Gideon J. Davies*

Department of Chemistry, Structural Biology Laboratory, kérsity of York, Heslington, York YO10 5DD, U.K.,
and Nao Nordisk A/S, Neo Alle, DK-2880 Bagsaerd, Denmark

Receied January 7, 2000; Résed Manuscript Receed April 26, 2000

ABSTRACT. Several chimeri@-amylases genes were constructed by an in vivo recombination technique
from theBacillus amyloliquefacienandBacillus licheniformiggenes. One of the fusion amylases (hereafter
BA2), consisting of residues-1300 fromB. amyloliquefacienand 301483 fromB. licheniformis has

been extensively studied by X-ray crystallography at resolutions between 2.2 and 1.7 A. The 3-dimensional
structure of the native enzyme was solved by multiple isomorphous replacement, and refined at a resolution
of 1.7 A. It consists of 483 amino acids, organized similarly to the kn@wtichiniformis a-amylase
structure [Machius et al. (1999) Mol. Biol. 246, 545-559], but features 4 bound calcium ions. Two of
these form part of a linear cluster of three ions, the central ion being attributed to sodium. This cluster
lies at the junction of the A and B domains with one calcium of the cluster structurally equivalent to the
major C&" binding site of fungali-amylases. The third calcium ion is found at the interface of the A
and C domains. BA2 contains a fourth calcium site, not observed . figheniformisa-amylase structure.

It is found on the C domain where it bridges the txsheets. Three acid residues (Glu261, Asp328, and
Asp231) form an active site similar to that seen in other amylases. In the presence of TRIS buffer, a
single molecule of TRIS occupies thel subsite of the enzyme where it is coordinated by the three
active-center carboxylates. Kinetic data reveal that BA2 displays properties intermediate to those of its
parents. Data for crystals soaked in maltooligosaccharides reveal the presence of a maltotriose binding
site on the N-terminal face of thg/)s barrel of the molecule, not previously described for argmylase
structure, the biological function of which is unclear. Data for a complex soaked with the tetrasaccharide
inhibitor acarbose, at 1.9 A, reveal a decasaccharide moiety, spanning tieet-3 subsites of the enzyme.

The unambiguous presence of three unsaturated rings ifHhbalf-chair’E envelope conformation,
adjacent to three 6-deoxypyranose units, clearly demonstrates synthesis of this acarbose-derived
decasaccharide by a two-step transglycosylation mechanism.

o-Amylases (1,4x-glucan 4-glucanohydrolase; EC 3.2.1.1) pullulanases, they are found in family 13 of the glycoside
are ubiquitous enzymes which catalyze the breakdown of hydrolase sequence-classification, often termed the *
amylose and amylopectin through the hydrolysis of internal amylase” superfamilyl(—3). The three-dimensional struc-
a-1,4-glycosidic linkages with net retention of anomeric tures for numerous members of this family have been
configuration. Together with many other enzymes that work determined, including thex-amylases fromAspergillus
on a-linked glucopyranose-derived substrates, suoi-ghi- oryzae(4), Aspergillus nigel(5), porcine pancrea$), barley
cosidases, cyclodextrin glycosyltransferases (CGTasa®), (7), human saliva ), Bacillus licheniformis(9), Bacillus
stearothermophilugl0), andAlteromonas haloplancti€l1,
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consisting of residues-1300 from B. amyloliquefacienand 30t members possess a constellation of three acidic residues,
483 fromB. licheniformig; CGTase, cyclodextrin glucosyltransferase. located at the C-terminal face of thg/@)s-barrel, which
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are implicated in catalysisx-Amylases perform catalysis BA2 crystals are in the orthorhombic space graige2

with net retention of anomeric configuration in a double- with approximate cell dimensiors= 52.7 A,b = 78.3 A,
displacement mechanisr@@). The mechanism involves the ¢ = 238.7 A. To minimize the recording of overlapping
formation, and subsequent breakdown, of a covalent glyco- reflections during data collection, theaxis was always
syl-enzyme intermediate via oxocarbenium-ion like transition aligned with the rotation axis, with a5L0° offset used to
states (for a review, sek9). One of the residues of the minimize loss of data in the “blind-region”. X-ray data were
catalytic triad functions as the catalytic nucleophile while collected either in-house using a Rigaku RAXIS 1IC image
another functions as the catalytic acid/base. The catalytic plate system and a RU200HB copper rotating anode, or on
nucleophile has been trapped and identified with 2,2-difluoro station X-11 at EMBL Hamburg outstation using a MAR-
and 5-fluoro sugar2(l, 22 and through the use of mutated Research imaging plate, or on station PX9.5 at Daresbury
proteins R3). This latter approach has recently been used to also using a MAR-Research imaging plate. All data were
analyze the 3-D structure of the covalent glycosyl-enzyme processed and reduced with the HKL suite of progra?ds (
intermediate of CGTasel(). 25). All subsequent processing used programs from the CCP4

a-Amylase family members find widespread use in a Suite unless otherwise state2b].
diverse array of industrial processes ranging from the At the time of structure solution, there were no homolo-
breakdown of starch to glucose-syrups through to the gous bacteriati-amylase coordinates available for structure
production of cyclodextrins for the pharmaceutical industry. solution by molecular replacement. The structure was
Many strategies have been used to generate new, mordherefore solved by multiple isomorphous replacement
effective, amylases for these processes. In this paper we(MIR). Data on six heavy atom derivatives were collected
describe the construction of a Chimedﬁamy]ase, termed at 3.0 A resolution. A Single-site gO'd derivative [potassium
BA2, which is formed by the fusion of two bacterial dicyanoaurate(l)] yielded a readily interpretable isomorphous
a-amylase genes encoding residues300 from theB. difference Patterson (not shown). All subsequent derivatives
amyloliquefaciensx-amylase and residues 36483 from  were solved and brought to a common origin by inspection
theB. licheniformisenzyme. The three-dimensional structure ©Of cross-Fourier difference maps phased on these.xSIR
of BA2 has been solved by multiple isomorphous replace- Phases. The gold derivative data were subsequently recol-
ment and refined at a resolution of 1.7 A. The structure of lected to 2.2 A. The final set of experimental phases had an
BA2 in complex with acarbose, at 1.9 A resolution, reveals overall figure-of-merit of 0.73 to 2.2 A. Map quality was
a decasaccharide species bound through -t#ffeto +3 improved using DM 27); the map was skeletonized and
subsites of the enzyme, while structures in the presence ofmodel building was performed using the program ZB)(
maltooligosaccharides reveal a previously undescribed mal-Five percent of the observations were set aside for cross-

todextrin binding site on the N-terminal face of th#/d)s validation analysis39) and used to monitor various refine-
barrel. ment strategies and as the basis for maximume-likelihood
refinement using REFMAC30). The same set of cross-
EXPERIMENTAL PROCEDURES validation reflections was maintained for the refinement of
all subsequent complexes.
Crystallization, MIR Data Collection, and Structure Solu- High-Resolution Natie Data Data were collected at the

tion. The chimeric gene encoding the BA2 amylase was European Synchrotron Radiation Facility (ESRF) beamline
constructed by an in vivo recombination method. The point |p 14-4 at a wavelength of 0.9836 A. An ADSC QUAD-4
of recombination was determined by DNA sequencing. The CCD was used as detector. Crystals were mounted in Rayon
ambiguity of its location is caused by the amino acid fiber loops and immediately placed in a stream of boiling
sequence identity between BAM and BLA in the crossover N, gas at 100 K. Data were collected to a resolution of 1.7
region. The N-terminal portion of the chimeric enzyme is A with an oscillation range of 0%mage. The structures
derived from theBacillus amyloliquefaciensx-amylase  were refined, as outlined above, with the addition that at
(residues +300), and the C-terminal section from the 1 7 A hydrogen scattering from “riding” hydrogen atoms was
Bacillus licheniformiso-amylase (residues 36483). included as a fixed contribution as justified by a drogRin
BA2 was crystallized at 18C by hanging-drop vapor  andRyee Of 2.1/2.0%.
diffusion using 8-13% (w/v) of either monomethyl ether Activity AssaysThe activities of the BA2 chimera and its
poly(ethylene glycol) 2000 or 5000 as precipitant. Hanging- two parent amylases were analyzed as a function of pH over
drops were buffered with 0.1 M Tris/HCI, pH 7.5 or pH 10.0, the range pH 4.610.5 using the Phadebasamylase test
containing 5 mM CaGJ and the protein concentration was kit (Pharmacia). Measurements were carried out &tGih
in the range 3635 mg mL%. Large crystals grew after 50 mM Britton—Robinson buffer containing 0.1 mM Cagl
several days from an amorphous precipitate which formed as described previoush8{). This assay is based upon the
shortly after setting up the experiment. The crystals had ause of a blue-colored insoluble starch as substrate, which
tendency to grow as clusters, which could usually be releases blue color into the solution upon cleavage. Hydroly-
separated into single crystals by careful manipulation. sis was stopped by adding one-sixth volunied ¢ NaOH
Isomorphous derivatives were prepared by transferring to the reaction mixture. Unhydrolyzed blue starch was
crystals to the appropriate mother liquor containing low removed by filtration. The amount of hydrolyzed substrate
concentrations of heavy atom compounds. Crystals for is proportional to the absorbance at 620 nm, and activity
maltooligosaccharide and acarbose complexes were growrmeasurements obtained by this method can be regarded as
exactly as for the native enzyme structure and then soakedan apparenkg, for insoluble starch. In a second series of
with the appropriate oligosaccharide at a concentration of experiments, the activities of the chimera and its parents were
10 mM. assayed as a function of temperature from 37 t6@0
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Ficure 1: Kinetic comparison of the BA2 amylase with its parent enzymes. (A)aetivity profile. (B) Temperatureactivity profile.

Table 1: Data and Structure Refinement Statistics for BA2 Amylase

native acarbose Tris/maltotriose pH 10

data
X-ray source EMBL EMBL Cu K ESRF
temp (K) 289 289 289 100
resolution 151.92A(1.96-1.92A) 15-1.93A(1.96-1.93A) 1522A(2.3-22A) 151.7A(1.76-1.70A)
Rmerge(OUter bin) 0.12 (0.19) 0.07 (0.13) 0.050 (0.089) 0.070 (0.081)
completeness (%) 99 (98) 100 (99) 94 (77) 98 (99)
multiplicity 4.6 (3.4) 4.1 (3.5) 5.2 (4.6) 3.0(3.1)
lo 13 (7) 16 (10) 33 (13) 15 (13)

refinement
Reryst (Rire) 0.14 (0.20) 0.13(0.19) 0.13(0.21) 0.13(0.18)
1-2 bonds (A) 0.011 0.010 0.010 0.010
1-3 angle distance (&)  0.030 0.026 0.030 0.026
planes (A) 0.010 0.010 0.010 0.012
chiral volumes (&) 0.122 0.126 0.122 0.100
meanB protein (A) 13.0 12.1 13.9 10.2
meanB ligands (&) N/A 16.1 32.6 N/A

RESULTS AND DISCUSSION Structure of Natie BA2o-Amylase at 1.7 AThe structure

of BA2 was solved by conventional MIR techniques. Six
isomorphous derivatives were prepared by soaking crystals
of BA2 in 1-10 mM of the appropriate heavy-atom salt:
chloro(2,2:6',2"-terpyridine)platinum(ll), potassium dicyano-
aurate(l), uranyl(VI) acetaté\-iodosuccinimide, mercury-
(1) chloride, and cadmium(ll) acetate (phasing data not
_ shown). The MIR phases, at 2.2 A resolution, were improved
were analyzed, and its structure was analyzed by X-ray by density-modification using DM, and this provided a

crystallography. . o ) readily interpretable map. The structure was refined against
BAZ2 displays a specific activity of approximately 9700 4th 1.9 A room-temperature data and data collected to 1.7

units/mg using the Phadebas assay on “blue” starch (asg from a single crystal at 100 K at the European Synchrotron
described in re81). This is intermediate between the values i, giation Facility.

displayed by each of its parents using this assay: 7500 and
30 000 units/mg for th@®. licheniformisandB. amylolique-
faciensenzymes, respectively. For all other properties tested, ; .
BA2 is also intermediate in behavior compared to its parents opservatlons/rgflecn_on, and a medn(l) of 13.2. In the
and is generally more similar to th&. amyloliquefaciens highest resplutlon bin (1.981.92 A), the data are 97.4%
enzyme. BA2 displays an approximately bell-shaped pH complete W',th arRmergeOF 0.18 and a meafiol of 7.3. The
prOfile with acid and basic limbs EXthItlng KQ!S of Unusua”y hlghRmergevalues for the data result from poor

approximately 4.4 and 8.3, respectively. While interpretation €Stimation of the strong low-resolution terms due to a
of simple pH-activity curves is fraught with danger, we detector error. All further discussion will, therefore, refer to

assume that the acidic limb reflects thé.f the catalytic the superior _1.7 A data, d_escribed below, unless explicitly
nucleophile, Asp231, although components of stability cannot Stated. The final 1.7 A native (100 K) data haveRiee0f

be ruled out (described more completely for Bidicheni- 0.070 an'd are 98.1% complete with a mean multlpllcny of
formis enzyme in ref31). The two parents show similar ~©PServation of 3.0 and a medfwl of 15.1. In the highest
profiles, although theB. licheniformisenzyme maintains rgsolutlon shell (1.761.70 A), the data are 98.8% complete
activity at higher pH values . for the basic limb is  With @nRuerge0f 0.081 and a meatio(l) of 13.
approximately 10) (Figure 1A). The temperattetivity The BA2 native model, at 1.7 A, has a crystallogragRic
profile likewise reveals that the behavior of BA2 is most value of 0.14, with a correspondirf@.. of 0.19 using all
similar to theB. amyloliquefaciengnzyme. BA2 shows a  observed data between 20 and 1.7 A. This model shows
higher temperature optimum than tBe amyloliquefaciens  deviations from stereochemical target values of 0.010 A for
enzyme, 80 as opposed to 70, while theB. licheniformis 1—2 bonds and 0.028 A for the-13 bonding distance. Data
enzyme maintains activity at much higher temperatures thanand model quality parameters for the native and complex
either BA2 or theB. amyloliquefacienenzyme (Figure 1B).  BAZ2 structures are shown in Table 1. There is a single outlier

Several chimeriax-amylase genes had previously been
constructed by in vivo recombination technique using the
Bacillus amyloliquefacienandBacillus licheniformisyenes.
One of the fusion amylase constructs, consisting of residues
1-300 from B. amyloliquefacienand 301483 from B.
licheniformis was termed “BA2". Its functional properties

Data collected to 1.9 A at 298 K are 98.9% complete with
an overall Rnege Of 0.11, a mean multiplicity of 4.6
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FiGUuRE 2: (A) Schematic protein “cartoon” of the BA@-amylase in complex with an acarbose-derived decasaccharide inhibitor. Active
site residues and the inhibitor are shown in ball-and-stick representation. The position of the bound maltotriose, as observed in an additional
complex, is superimposed for reference. This figure was prepared using MOLSCBRIPT (

on the Ramachandran plot, Tyr148, as was also seen in then the order B, A, C (Figure 2). Residues-103 and 206
Cé&"-depletedB. lichiniformis a-amylase ). This residue 395 make up domain A, an excursion between barrel-strands
lies in well-defined electron density in a type fitturn as $-3 and helixa-3 (residues 104205) forms domain B, and
residuei+2, a position more usually associated with a residues 396483 complete domain C. This gives rise to an
glycine. The model also contains a single cis-peptide in a elongated molecule, the longest axis being some 85 A. The
type IV -turn between Trp184 and Glu185. In none of the widest point perpendicular to this axis is approximately 50
BA2 structures, described here, do we see evidence for aA and spans the central A domain. The A domain is a
chloride ion in the active center as was reported for the standardf/a)s barrel as described for all other members of
calcium-depleted BLAx-amylase 9). family 13 (for review, see refl8). The (B/a)s barrel is
BA2 amylase is made up of 483 amino acids with a decorated at the C-terminal end by the catalytic apparatus
molecular mass of 55 kDa. The structure is made up of threewhich comprises Asp231 from strand 4, Glu261 from strand
globular domains ordered A, B, and C with respect to 5, and Asp328 from strand 7. The overall structure of the
sequence, which lie in an approximately linear arrangementchimeric a-amylase BA2 is extremely similar to that
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FiIGURE 4: Observed electron density for the C domairt"Csn. The map shown is a maximum-likelihoedfweighted Fqps — Fearc
synthesis at 1.7 A resolution contoured at a level of 0.6 electfon/A

Ficure 5: Observed electron density for TRIS bound to the active site of BA2. The map shown is a maximum-likelireedjhted
2Fobs — Feac Synthesis at 2.2 A resolution contoured at a level of 0.44 electfon/A

described previously for thB. licheniformisamylase 9), A2 when modeled as calcium, has eight ligands: five water
which donates residues 30483 of the BA2 chimera: 481  molecules, the side-chain carbonyl oxygen from Asn444, and
equivalent @ atoms overlap with an rms of just 0.47 A using a bidentate interaction with the carboxylate of Glu447 (Figure
LSQMAN (32). 4). The second coordination sphere involves GIn482 and
Calcium Binding to BA2BA2 contains four calciumions.  Asn421. These residues lie on the “upper” face of the
Two of these are tightly bound at the interface between the -sandwich, with the first coordination shell ligands, Asn444
A and B domains, flanking a tightly bound sodium (Figure and Glu447, lying on the lower face so the calcium appears
3). This cluster is extremely similar to that described for a to stabilize the two faces of the-barrel. In BA2, there is
mutant BLA amylase33) despite the fact that in BA2 the  no evidence for the low-occupancy, inhibitory, calcium site
ligands reside in the N-terminal portion of the chimera which observed in the active site of some fungahmylases 4,
was derived fronB. amyloliquefaciensonfirming that these  5).
sites are conserved between these closely related organisms. Structure of the TRIS/Maltotriose Complexes at 2.2 A.
The third calcium site (not shown) is found at the interface X-ray data for several potential complexes of BA2 were
between the A and C domains and is essentially identical to collected in the presence of TRIS buffer. Unfortunately, TRIS
that described for the BLA enzyme aloriZ3) (not shown). acts as a competitive inhibitor for many glycoside hydrolases
Elements of the calcium coordination sphere of this calcium, since its hydroxyl functions mimic those found on a sugar
the main-chain carbonyls of Gly300 and Tyr302, are adjacentring and its positive charge mimics that found in the
to the point of crossover of the chimera, so it is important oxocarbenium ion-like transition state. Indeed, a single
that this region remains isomorphous with BLA. In addition, molecule of TRIS was found in the active site of the
BA2 contains a fourth metal site, most likely a calcium, but complexes (Figure 5), with its positively charged nitrogen
possibly also a potassium ion, not described for BLA. This atom binding to the catalytic nucleophile, Asp231, as would
lies on the C domain and hence is formed by tBe be predicted. The presence of TRIS prevented oligosaccha-
licheniformisportion of the chimera alone, so itis intriguing ride binding along the active-site canyon in crystallographic
that this site does not occur in the reported BLA structure. soaking experiments. An alternative maltooligosaccharide
This metal, which refines with a temperature factor of 10.6 binding site was discovered on the N-terminal face of the



9104 Biochemistry, Vol. 39, No. 31, 2000

Brzozowski et al.

H O
o
(o) \%?/ OH
- HO IIC)H\ S
OH Tyr 358
Asn 92
Thr 36

FiGure 6: (A) Electron density for maltotriose binding to the N-terminal side of flie)g barrel. The map shown is a maximum-likelihood/

oa-weighted Eqps — Feae Synthesis at 2.2 A resolution contoured at a level of 0.44 electfoliBd Schematic figure of the interactions of
maltotriose with BA2. Hydrogen bonds less than 3.2 A are indicated. Water molecules are shown as shaded spheres.

Glu 261

FiGurRe 7: Observed electron density for the acarbose-derived tetrasaccharide, contoured at 0.44 eieItlermﬁap shown is aRps —
Fcac map, calculated with phases genergpeidr to the incorporation of this ligand in the refinement.

(Bla)s barrel (Figure 6A). This site makes no lattice contacts equivalent binding site being reported for a member of the
with any symmetry-related molecules, suggesting that it is a-amylase superfamily, previously. Its biological function
a genuine maltooligosaccharide binding site and is not anremains unclear, but it may simply play a role in locating
artifact of adventitious interactions. We are not aware of any the enzyme on the starch granule. This site is occupied with
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Ficure 8: (A) Schematic representation of the acarbose-derived decasaccharide. (B) Two-step processive transglycosylation scheme for
the formation of the acarbose-derived decasaccharide. (i) Acarbose first forms a glycosyl-enzyme internediate with release of glucose. This
reacts with a second molecule of acarbose acting as the acceptor. (ii) The newly formed heptasaccharide migrates through the active site.
A second covalent intermediate is formed with release of the reducing-end glucose as leaving group, and this is again intercepted by a
further acarbose acceptor to form a decasaccharide.

a maltotriose species in data collected from crystals soakeda nonhydrolyzablex-1,4 N-glycosidic bond to a 6-deoxy-
with either maltohexaose or maltoheptaose. The reducing-glucoside, which is in turn linked to maltose. The strong
end glucose unit of the trisaccharide binds through a stackinginhibitory power, may be attributed to the half-chair/envelope
interaction with Tyr358 and by a hydrogen bond to the main- conformation of the valienamine which mimics the oxocar-
chain carbonyl oxygen of Leu318. The central sugar makes penjym ion-like transition state, recently quantified using free
extensive hydrogen bonds to protein from its O(2) and O(3) energy relationships3@). The two distinguishing features
hydroxyls to Glu255 and from its O(6) hydroxyl to both t_he of acarbose are the unsaturated ring at the nonreducing end,
hydroxyl of Tyr35$ and the OG.Of Thr36. The nonreducmg. whose double bond across C(8}(7) induces planarity of
end sugar makes just a single direct hydrogen bond to prote|nC(4)_C(5)_C(7)_C(1) and the absence of the O(6) hy-
to the main-chain carbonyl of Asn92 (Figure 6B). . . ' . .

) i droxyl in the adjacent 6-deoxypyranoside (Figure 8A).
Agrtr:ucture of thef%::;pose-Delad De_%ashaccharlde altql.% Particular care was taken during the refinement of the
A. The structure o In complex with the tetrasaccharide .o, nse_derived decasaccharide in order to identify potential
inhibitor acarbose was solved at a resolution of 1.9 A. In -

half-chair rings or 6-deoxy sugars. All O(6) hydroxyls were

the initial electron-density maps, it was clear that the itted f . A torsi | traint
tetrasaccharide inhibitor was bound as an apparent decasa2M!t€d Irom retinement, no torsion angle restraints were

charide species (Figure 7). Acarbose complexas-amyl- applied to the pyranosides, anBlogs — Feac electron glensity
ases are frequently observed bound as longer species@Ps, such as Figure 7, were calculated using phases
resulting either from transglycosylation or from an overlap 9enerated prior to the incorporation of the ligand. This

of tetrasaccharides (se& 10, 16, 34, 35 In the BA2— refinement and unbiased electron density maps clearly reveal
acarbose complex, the decasaccharide spans Th® +3 the presence of three 6-deoxy sugars plus three half-chair
subsites of the enzyme. unsaturated rings (Figure 8A). Together, these features

The tetrasaccharide acarbose is a member of the trestatidndicate the presence of a single covalent species generated
family of inhibitors originally isolated fronStreptomycetes by two successive transglycosylation events “in-crystal”. This
and developed for the treatment of sugar metabolism decasaccharide binds around the surface of the enzyme in a

disorders 86). It possesses a nonreducing end pseudo- spiral manner resembling the structure of the starch helix
disaccharide, consisting of a valienamine moiety linked by (Figure 9).
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Ficure 9: Electrostatic surface representation of BA2 amylase in complex with an acarbose-derived decasaccharide. The figure is in
divergent (wall-eyed) stereo.

Family 13 of the glycoside hydrolases performs catalysis ation. This acarbose molecule binds in thé to —4 subsites,
with net retention of configuration. The mechanism is a and not in—1 to +3 as expected, and is highly disordered
double displacement2(Q) in which the formation of a  (data not shown). The absence of an extended species in a
covalent glycosyl-enzyme intermediate is flanked by oxo- catalytically deficient enzyme provides support for the
carbenium ion-like transition states. This covalent intermedi- transglycosylation of these species observed in catalytically
ate may be trapped by a variety of means (see, for example competent enzymes. It also demonstrates that acarbose is able
refs 21-23) and has recently been analyzed by X-ray to bind to the other subsites in a substrate, as opposed to the
crystallography 17). The covalent glycosyl-enzyme inter- transition-state, mimicking mode.

mediate either may be attacked by a nucleophilic water The ensemble of BA2 structures provides further insight
molecule in a hydrolytic reaction, or may be intercepted by intg the structure and function of starch-degrading enzymes.
a non-water molecule, frequently a second sugar unit, in aTen of the enzyme subsites are mapped, and a novel
transglycosylation reaction. The presence of three 6-deoxymajtotrioside binding site is revealed on the “wrong” face
sugars plus three half-chair unsaturated rings demonstrategf the (3/a)s barrel. Unbiased electron density strongly
that the acarbose-derived _decasaccharlde species is Creat%hggests a two-step processive transglycosylation in-crystal.
by two such transglycosylations. A covalent glycosyl-enzyme The chimeric nature of this enzyme also reveals the potential

is reacted with a second molecule of acarbose acting as theyppjications.

acceptor. Following procession of this newly formed hep-

tasaccharide down the substrate binding cleft, a seCONdREEERENCES

covalent intermediate is formed, and a second acarbose
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